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Introduction
Wettability alteration has been proposed to be one of the primary parameters for improving oil recovery in both sandstone and carbonate reservoirs.
(1-3) By injecting aqueous salt solutions to an oil reservoir, a water film can be formed between the oil and the mineral surfaces. The thickness of the water film determines the wettability of the reservoir surfaces; i.e., for a very thick water film, the surface of the reservoir is said to be water-wet, which improves oil recovery due to a reduced adsorption between polar components and mineral surfaces. (4) Low-salinity water-flooding with salinity lower than 5000 ppm has been found to be able to improve oil recovery (5) due to wettability alteration of reservoir surfaces. (6) (7) (8) The mechanisms of low-salinity water-flooding leading to wettability alteration are not yet fully understood, but various parameters, such as specific ion adsorption, (9) (10) (11) pH, electrostatic double layer expansion, multi-ion exchange, (12) and chemical mechanisms, (3, (13) (14) are important.
Manipulation of the surface forces between oil layers and reservoir surfaces has been proposed as a possibly important mechanism for wettability alteration in the reservoir. The forces include van der Waals forces, electrical double layer forces, hydrophobic interactions, hydration forces, bridging forces and structural forces. (15) Very recently, direct force measurements between calcite surfaces, (16) between oil layers and calcite surfaces, (17) (18) and between oil layers and mica surfaces (19) were executed by atomic force microscopy (AFM). All these studies were performed using either a nanometer-scaled sharp AFM-tip or a piece of calcite without a well-defined geometry. To obtain a calcite probe with a well-defined geometry in the force measurement, Sauerer et al. used the focused ion beam (FIB) technique to fabricate a calcite particle for investigating the interactions between calcite particle and calcite surface in an organic solvent. (20) The AFM colloidal probe technique (21) (22) (23) has also been employed to study the interactions between a calcite surface and a silica colloidal probe.
(15) However, to date, only a few studies have addressed surface forces in systems including calcite surfaces.
Our previous study on oil release from CaCO3 surfaces indicates that apolar, basic, and acidic oil components in crude oil have different contributions to the oil adsorption and desorption processes. (3) Moreover, Li et al. investigated interaction between silica nanoparticle and calcite surface (24) , and between carbon nanoparticle and calcite surface (25) indicating the interactions between the nanoparticles and calcite surface influenced by ionic strength and species of ions. In this study, we have fabricated three model oil probes to simulate apolar, basic and acidic oil components, i.e., different functional groups represented in heavy oil components, and the AFM colloidal probe technique is then used to investigate the surface forces between these model oil probes and a calcite surface in aqueous salt solutions of NaCl, CaCl2 and Na2SO4. This approach allows us to study how salinity and potential determining ions affect the attractive and repulsive forces between calcite and different model oil components.
Materials and Methods
Solutions and sample preparation. Aqueous electrolyte solutions were prepared by dissolving sodium chloride (NaCl, 99.5%, Sigma-Aldrich), calcium chloride (CaCl2, 96%, anhydrous, SigmaAldrich), and sodium sulfate (Na2SO4, 99.0%, anhydrous, Sigma-Aldrich) in Milli-Q water (resistivity = 18.2 M cm, organic content ≤5 ppb, at 25 °C) purified by employing a Milli-ROPls unit connected to a Milli-Q plus 185 system and filtered through a 0.2 m Millipak filter. A low salinity (60 mM) NaCl containing solution and high salinity (600 mM) NaCl, CaCl2/NaCl and Na2SO4/NaCl containing solutions were prepared. For the 600 mM CaCl2/NaCl and 600 mM Na2SO4/NaCl high salinity solutions, the specific concentrations of Ca 2+ (10 mM) and SO4 2-(28 mM) were chosen to mimic the concentrations of the ions in sea water, (26) and NaCl was used to keep a constant ionic strength of 600 mM. The pH values of the solutions were measured with an 827-pH lab (Metrohm, Switzerland); however, the values did not vary significantly among the different solutions. The salinity, composition and pH of the four different solutions are reported in Table 1 . (29) (30) (31) (32) The silane based monolayers on the AFM probes and on flat silica substrates (for contact angle measurements) were prepared using a similar procedure as described in detail in our previous work. (29) Hereafter, we will refer to the modified probes as apolar, basic and acidic model oil probes, respectively. The prepared model oil probes were used for AFM force measurements immediately after preparation. A calcite crystal (Iceland spar, Ward's science, Brazil) was cleaved from a cleaned, optical sample. The calcite crystal was rinsed with Milli-Q water, followed by blow-drying with compressed air. The sample was used for the AFM force measurements immediately after cleaning. analyze the recorded images.
Contact angle measurements.

Results and Discussion
Before describing the results of the interactions between the model oil probes and the calcite surface, we will briefly summarize some relevant data (see Table 2 ) for the model oil probes determined from the AFM colloidal probe technique measurements as reported in our previous study (29) where surface forces between different pairs of model oil layers were measured in 1 mM NaCl. Based on these measurements, the surface potentials and surface charge densities of the model oil probes were determined by comparing the DLVO calculation and the measured results.
It is well-known that the exact magnitudes of the surface potential of the probes are influenced by the ionic strength and pH of the solutions, and while the pH values of the silane solutions used in this study are close to the pH of 1 mM NaCl (5.69), the ionic strength is significantly higher. To this end, we expect the numerical values of the surface potentials at high ionic strength to be lower than the values reported in Table 2 . An exact determination of the surface potentials at high ionic strength is however difficult due to the effective screening of electrostatic double layer forces.
However, in this study, we only need the qualitative information that the apolar model oil and the acidic model oil probes are negatively charged while the basic model oil probe is positively charge. AFM imaging. AFM topographical images of the calcite surface and the reversed image of the silica colloidal probe are shown in Figure 2 . The surface roughness (Rq) is 0.8 nm for the calcite surface and 1.3 nm for the silica colloidal probe. These surface roughness values might reflect the roughness conditions in natural rock samples and will also have a measurable effect on the appearance of the surface forces measured by the colloidal probe technique. (33) In this case, the effective van der Waals forces will be suppressed because of the hard-wall repulsion between the surface asperities of the silica particle and calcite surface will dominate over the attractive interactions at short separations. Moreover, in the salt solutions with ionic strengths of 60 and 600 mM, the corresponding Debye lengths are only 1.2 and 0.4 nm calculated from ionic strength of the solutions, (34) respectively, and the electrical double-layer force will therefore also be strongly influenced by the surface roughness. For this reason, the discussion regarding DLVO forces in this study will only be qualitative. Figure 2 . AFM topographical images of the calcite surface (A) and silica particle (B). The image size is 1.5 × 1.5 μm 2 for the calcite surface and 10 × 10 μm 2 for silica particle.
Surface forces measured during approach. Figure 3 shows the representative approach force curves for the surface pairs of apolar model oil-calcite, basic model oil-calcite and acidic model oilcalcite in 60 mM NaCl, 600 mM NaCl, 600 mM CaCl2/NaCl and 600 mM Na2SO4/NaCl solutions.
The minimum forces of the surface pair in the four solutions are reported in Table 3 . Figure 3A , the forces measured between the apolar model oil and calcite surface on approach are attractive in 60 mM NaCl and 600 mM NaCl. The apolar model oil at pH approximately 5.6 is negatively charged due to the dissociation of unreacted silanol groups on the silica surface. We will here refer to these charges localized near the silica surface as the inner charged layer, compared to the charges on the outer functional groups (i.e., -SH and -NH2). (35) The calcite surface in aqueous solution has both negative charges and positive charges on it, and the net surface charge depends on various factors, such as pH and ionic composition in the solution. The forces between the bare silica probe and calcite are attractive in 60 mM NaCl and 600 mM NaCl solutions (See Figure S1 in the supporting information). This outcome indicates that the net charge of the calcite surface is positive in the NaCl solution. Calcite dissolves in aqueous solution (the solubility is 0.014 g/L in water at 25 °C), and therefore, Ca 2+ ions exist in all investigated cases including the NaCl, CaCl2/NaCl and Na2SO4/NaCl systems. These divalent cations are thus able to form ion bridges between negatively charged functional groups on the two approaching surfaces. We thus suggest that the attractive forces between the apolar model oil probe and calcite surface are the sum of the electrostatic attraction between the opposite charges on the surfaces, van der Waals forces and bridging forces formed between negative charges by calcium ions in NaCl. With respect to the force measured in the 600 mM CaCl2/NaCl solution, it is well-known that Ca 2+ is able to adsorb on negatively charged groups leading to partial neutralization of the negative surface charge or even to a reversal of the sign of the effective surface charge. (29) Moreover, Ca 2+ is a potential determining ion for calcite, meaning that it can adsorb specifically onto the weakly positively charged calcite surface in water. (36) However, our investigation shows that the force in the 600 mM CaCl2/NaCl solution is charged sites on calcite. (36) As the silica probe approaches the calcite surface, an extra energy will thus be required to remove the highly hydrated SO4 2-ions from the calcite surface, which could generate hydration and structural forces in the system. We thus suggest that the long-range repulsion is due to a combination of hydration and structural forces caused by the adsorption of SO4 2-onto the calcite surface. Table 3 . the minimum forces, Fm/R, of the surface pair in 60 mM NaCl, 600 mM NaCl, 600 mM CaCl2/NaCl and 600 mM Na2SO4/NaCl solutions. Figure 3B shows the approach forces between the basic model oil probe and calcite in the salt solutions. Here, the forces in the 60 mM NaCl, 600 mM NaCl, and 600 mM CaCl2/NaCl solutions are observed to be repulsive, and the greatest long-range repulsion is observed in 60 mM NaCl where the Debye length is longer compared to that in the solutions of higher ionic strength. Since both the basic model oil probe and the calcite surface are positively charged, these observations indicate that the repulsions are dominated by electrostatic repulsion. In the presence of Ca 2+ , the forces appear to be slightly less repulsive than that in 600 mM NaCl. In the presence of SO4 2- , we still expect specific adsorption of SO4 2-ions to the calcite surface, but the repulsion is much more short-range compared to the apolar model oil-calcite system. However, in this case, the adsorption of SO4 2-ions will lead to a decreased electrostatic repulsion, and we suggest that it is the combinations of these opposite contributions to the total force which give rise to a relatively shortrange repulsion.
The approach forces between the acidic model oil and calcite are shown in Figure 3C . The results
show that the forces are attractive in the four salt solutions. We attribute these attractions in the 60 mM NaCl and 600 mM NaCl solutions to the electrostatic attraction between the negatively charged acidic model oil probe and positively charged calcite surface. In the 600 mM CaCl2/NaCl solution, a less attractive force is observed. We suggest that it is because of Ca 2+ neutralizing the negative charges on the acidic model oil, thus reducing the electrostatic attraction between the acidic model oil probe and the calcite surface. In the presence of SO4 2- , the adhesion forces are expected to be decreased by hydration and structural forces due to specific adsorption of SO4 2-ions to the calcite surface. However, the adhesion forces are similar in magnitude in 600 mM NaCl and 600 mM Na2SO4/NaCl solution. To this end, our previous study indicates that the negative charges on the acidic model oil probe are located at the outer layer of the surface. We suggest that the electrostatic attraction between these negative charges on the outer layer and the positive charges on the calcite surface neutralizes the repulsive hydration and structural forces due to the specific adsorption of SO4 2-ions to the calcite surface. Therefore, a decreased adhesion force is not observed in the presence of SO4 2- .
Contact adhesion measured during retraction.
The mean values of adhesion and the representative force curves on the separation between the three surface pairs in the salt solutions are reported in Figure 4 . Figure 4A shows that the mean values of adhesion between the apolar model oil and calcite in 60 mM NaCl, 600 mM NaCl and 600 mM CaCl2/NaCl solutions are similar in magnitude.
The adhesion forces between the apolar model oil and calcite are the sum of van der Waals forces, electrostatic attraction, ion bridging forces and nonspecific bonding influenced by various factors such as charge screening effect, solubility of the apolar oil and species of ions. The adhesion is similar in the NaCl and CaCl2/NaCl solutions even though the selected concentration and ions can vary the electrostatic attraction and ion bridging forces in the system, which indicates that van der Waals forces and nonspecific bonding dominate the adhesion in NaCl and CaCl2/NaCl solutions. In the presence of SO4 In the basic model oil and calcite system, the adhesion force is possibly the sum of the electrostatic repulsion between positive charges on both the basic model oil layer and calcite surface and nonspecific binding between the basic model oil layer and calcite. The electrostatic repulsion forces lead to the relatively low adhesion compared to the other two systems (See Figure 4B ). Similar to that in the apolar model oil-calcite system, the adhesion forces between the basic model oil and calcite in 60 mM NaCl, 600 mM NaCl and 600 mM CaCl2/NaCl solutions are similar in magnitude.
There is no significant influence on adhesion as the salinity or the amount of calcium ions is increased. Meanwhile, the adhesion force significantly increases in the presence of SO4 2- , and a long-range attractive force (approximately 8 nm) is observed in this system. We suggest that this attraction is caused by an ion-bridging force formed by SO4 2-between the two positively charged basic model oil and calcite surfaces.
The information of adhesion forces in the acidic model oil-calcite system is reported in Figure 4C .
As we know, the acidic model oil surface is negatively charged, and the calcite surface is positively charged in NaCl. Therefore, the adhesion force is influenced by electrostatic attraction between negatively charged acidic model oil and positively charged calcite surface, and nonspecific binding between the acidic model oil layer and calcite surface. The results show that the adhesion force between the acidic model oil component and calcite surface in 600 mM NaCl is lower than that in 60 mM NaCl. We suggest that the decreased adhesion is due to the charge screening effect. In CaCl2/NaCl, the adhesion force between the acidic oil layer and calcite surface is lower than in 600 mM NaCl. Ca 2+ is able to adsorb on the negatively charged acidic model oil surface, which leads to a decreased electrostatic attraction between the acidic model oil and calcite leading to a decreased adhesion. In the presence of SO4 2- , the adhesion force between the acidic model oil probe and calcite slightly decreases comparing to that in 600 mM NaCl. We attribute this to a decreased electrostatic attraction between the surfaces due to the less positively charged calcite surface caused by SO4 2-adsorbing on the positive charges on the calcite surface.
Conclusions
We have measured the surface forces in the systems of apolar model oil-calcite, basic model oilcalcite and acidic model oil-calcite to investigate the effects of salinity, calcium, and sulfate ions on binding to and release of different functional groups from calcite. From the surface force measurements, we conclude that the calcite is positively charged in the NaCl solutions. Moreover, strong and long-range hydration and structural forces are generated between the apolar model oil probe and calcite surface as SO4 2-into the systems.
In the apolar model oil-calcite and basic model oil-calcite systems, the adhesion forces are similar in magnitude in 60 mM and 600 mM NaCl solutions. Meanwhile, in the system of acidic model oilcalcite, a decreased adhesion force is observed with increasing ionic strength of NaCl, which is attributable to a charge screening effect.
For apolar model oil-calcite and basic model oil-calcite in CaCl2, the adhesion is comparable to the adhesion observed in 600 mM NaCl, while the adhesion decreases in the system of acidic model oil surface-calcite in CaCl2, compared to that in 600 mM NaCl. In the latter case, this occurs because adsorption of Ca 2+ on the negatively charged acidic probe reduces the electrostatic attraction between the negatively charged acidic probe and the positively charged calcite surface.
When SO4 2-is present, the adhesion force decreases in the systems of apolar model oil-calcite and acidic model oil-calcite. We attribute the decreased adhesion force to the decreased electrostatic attraction due to the adsorption of SO4 2-on the calcite surface. Meanwhile, the adhesion force significantly increases in the system of basic model oil-calcite surface, compared to that in 600 mM NaCl. We suggest that this is attributable to an ion-bridging formed by SO4 2-between the positively charged basic model oil and the positively charged calcite surface.
